Panasevich MR, Morris EM, Chintapalli SV, Wankhade UD, Shankar K, Britton SL, Koch LG, Thyfault JP, Rector RS. Gut microbiota are linked to increased susceptibility to hepatic steatosis in low-aerobic-capacity rats fed an acute high-fat diet. Am J Physiol Gastrointest Liver Physiol 311: G166 -G179, 2016. First published June 10, 2016; doi:10.1152/ajpgi.00065.2016.-Poor aerobic fitness is linked to nonalcoholic fatty liver disease and increased all-cause mortality. We previously found that rats with a low capacity for running (LCR) that were fed an acute high-fat diet (HFD; 45% kcal from fat) for 3 days resulted in positive energy balance and increased hepatic steatosis compared with rats that were highly aerobically fit with a high capacity for running (HCR). Here, we tested the hypothesis that poor physiological outcomes in LCR rats following acute HFD feeding are associated with alterations in cecal microbiota. LCR rats exhibited greater body weight, feeding efficiency, 3 days of body weight change, and liver triglycerides after acute HFD feeding compared with HCR rats. Furthermore, compared with HCR rats, LCR rats exhibited reduced expression of intestinal tight junction proteins. Cecal bacterial 16S rDNA revealed that LCR rats had reduced cecal Proteobacteria compared with HCR rats. Microbiota of HCR rats consisted of greater relative abundance of Desulfovibrionaceae and unassigned genera within this family, suggesting increased reduction of endogenous mucins and proteins. Although feeding rats an acute HFD led to reduced Firmicutes in both strains, short-chain fatty acid-producing Phascolarctobacterium was reduced in LCR rats. In addition, Ruminococcae and Ruminococcus were negatively correlated with energy intake in the LCR/HFD rats. Predicted metagenomic function suggested that LCR rats had a greater capacity to metabolize carbohydrate and energy compared with HCR rats. Overall, these data suggest that the populations and metabolic capacity of the microbiota in low-aerobically fit LCR rats may contribute to their susceptibility to acute HFD-induced hepatic steatosis and poor physiologic outcomes. microbiota; short-chain fatty acids; aerobic fitness; NAFLD A SEDENTARY LIFESTYLE AND low aerobic fitness are strong independent risk factors for cardiovascular disease and allcause mortality (28). Nonalcoholic fatty liver disease (NAFLD) is becoming more prevalent and is increasing concomitant with the rise in obesity (51). Progression of the disease begins with simple hepatic steatosis, which in some individuals, may progress to more severe liver diseases (i.e., inflammation, fibrosis, and cirrhosis). Several studies have shown that low aerobic fitness and physical inactivity are inversely related to the development and progression of NA-FLD (10, 42, 44); however, the mechanisms explaining this link are poorly understood. We previously demonstrated that sedentary rats selectively bred for low-capacity running (LCR) fed an acute high-fat diet (HFD; 45% kcal from fat) for 3 days were more susceptible to development of hepatic steatosis compared with sedentary, high-aerobically fit, high-capacity running (HCR) rats, in part because of greater positive energy balance, higher energy intake, and reduced energy expenditure (38).
A SEDENTARY LIFESTYLE AND low aerobic fitness are strong independent risk factors for cardiovascular disease and allcause mortality (28) . Nonalcoholic fatty liver disease (NAFLD) is becoming more prevalent and is increasing concomitant with the rise in obesity (51) . Progression of the disease begins with simple hepatic steatosis, which in some individuals, may progress to more severe liver diseases (i.e., inflammation, fibrosis, and cirrhosis). Several studies have shown that low aerobic fitness and physical inactivity are inversely related to the development and progression of NA-FLD (10, 42, 44) ; however, the mechanisms explaining this link are poorly understood. We previously demonstrated that sedentary rats selectively bred for low-capacity running (LCR) fed an acute high-fat diet (HFD; 45% kcal from fat) for 3 days were more susceptible to development of hepatic steatosis compared with sedentary, high-aerobically fit, high-capacity running (HCR) rats, in part because of greater positive energy balance, higher energy intake, and reduced energy expenditure (38) .
Recent interest has been directed at the contribution of the intestinal microbiota in the development and progression of NAFLD. In both animal models and humans, obesity is associated with significant changes at the bacterial taxonomic level, and lean mice receiving microbiota transplant from obese mice develop an obesity phenotype potentially through increased "energy harvest" (29, 30, 50) . Specifically, the gut microbiota can influence host metabolism through gut signaling pathways that affect insulin resistance, lipid metabolism, ethanol production, and inflammation (26, 29) . The mechanisms by which the microbiota induce obesity include increasing gut permeability that causes bacterial translocation and increased hepatic and systemic inflammation, production of short-chain fatty acids (SCFAs), and greater extraction of energy from the diet (26, 35) .
Little is known about the effect of aerobic fitness on the microbiome and its potential role in disease development. Therefore, we used the HCR/LCR rat model system to determine 1) whether intrinsic aerobic fitness affects the cecal microbiota; and 2) whether acute changes in the microbiota following 3 days of HFD feeding are associated with development of hepatic steatosis. We hypothesized that HCR and LCR rats would demonstrate significant differences in microbiota populations at the phylum, family, and genus taxonomic levels, and that these changes would be associated with differences in NAFLD development and anthropometrics (i.e., energy intake, body mass) following a 3 days of HFD feeding.
METHODS
Animals and diets. Animals and the experimental design were conducted according to those described by Morris et al. (38) . Briefly, HCR/LCR rats were selectively bred and characterized according to previous methods (23, 38, 39, 49, 53) . All animals (n ϭ 7-8 per group) were singly housed at 25-30 wk of age and acclimatized to a low-fat control diet (CON; 10% kcal fat, 3.5% kcal sucrose, D12110704; Research Diets, New Brunswick, NJ) for Ն7 days before starting a 3-day HFD (45% kcal fat, 17% sucrose, D12451; Research Diets). Food intake and body weight were monitored daily at Ն3 days before and during the 3-day HFD. Energy intake was calculated by multiplying the gross energy value of the experimental diets (CON, 3.85 kcal/g; HFD, 4.73 kcal/g) by grams of food intake. Feeding efficiency over the 3-day HFD period was calculated by dividing 3 days of weight gain (milligrams) by energy intake (kilocalories). The animal protocols were approved by the Institutional Animal Care and Use Committees at the University of Missouri and the Subcommittee for Animal Safety at the Harry S Truman Memorial Veterans Affairs Hospital.
Cecal content DNA extraction and sequencing. Cecal contents were collected from all rats at study end, snap-frozen in liquid nitrogen, and stored at Ϫ80°C until DNA extraction. Bacterial DNA was isolated from cecal contents using a QIAamp Fast DNA stool mini kit (Qiagen, Valencia, CA), including a bead-beating step. Genomic DNA was used for amplification of the V4 variable region of the 16S rRNA gene using 515F/806R primers. Primers were dual-indexed as described by Kozich et al. (24) to accommodate multiplexing 384 samples per run. Paired-end sequencing (2 ϫ 250 bp) was carried out using an Illumina Miseq platform. Processing and quality filtering of reads was performed by using scripts in QIIME (version 1.9.1) (5, 7) and other scripts. Paired reads were stitched with PEAR, an overlapping pairedend-reads merger algorithm that evaluates all possible overlaps, thereby minimizing false positive hits (54) . Reads were further filtered on the basis of Phred quality scores (Q Ͼ19) and for chimeric reads using USEARCH61 (7, 15) . Filtered reads were demultiplexed within QIIME and samples with less than 5,000 reads were excluded from further analysis. UCLUST was used to cluster sequences into operational taxonomical units (OTUs) based on 97% identity (15) . OTU picking was performed using an open-reference method, which encompasses clustering of reads against a reference sequence collection and also performs de novo OTU picking on the reads that fail to align to any known reference sequence in the database (46) . To eliminate erroneous mislabeling, the resulting OTU tables were checked for mislabeling sequences (22) . Representative sequences were further aligned using PyNAST with the Greengenes core-set alignment template (34) . Construction of the phylogenetic tree was performed using the FASTTREE method in QIIME (43) . Alpha rarefaction was performed using the phylogenetic diversity, Chao1 and observed species metrics. Beta diversity estimation was carried out by computing weighted and unweighted UniFrac distances between samples using QIIME (32) . All samples were clustered on the basis of their betweensample distances using UPGMA, and subsequent jackknifing was performed by resampling of methods. Comparisons of intergroup and intragroup diversity were performed using ANOVA, including correction for multiple comparisons.
Functional metagenomic annotations on the basis of 16S rRNA data were predicted using phylogenetic investigation of communities by reconstruction of unobserved states (PICRUST) (25) . Briefly, a closed-reference OTU table was generated from the original sequence files in QIIME (7) . The closed-reference OTU table was normalized to Fig. 1 . Three-day (d) energy intake (A), 3-day body weight (BW) change (B), feeding efficiency (3-day weight gain/energy intake) (C), and final BW (D) in rats with low capacity for running (LCR) and high capacity for running (HCR) in response to being fed an acute, high-fat diet (HFD). Values are expressed as means Ϯ SE. *Significant (P Ͻ 0.05) diet effect. †Significant (P Ͻ 0.05) strain effect. Means with different letters denote significant (P Ͻ 0.05) differences between treatments.
16S rDNA copy, and function was categorized in reference to Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways in PICRUST. The resulting biom file was then analyzed with STAMP (41) Values are means Ϯ SE. CON, control diet; HCR, high-capacity running; HFD, high-fat diet; LCR, low-capacity running; NEFA, nonesterified fatty acid. Bolded P value denotes a significant main effect (P Ͻ 0.05). TAA CCG; reverse, ATT TCC GAG ATA TCC TCC AC); free fatty acid receptor 2 (FFAR2) (forward, AAA TCA CCT GCT ATG AGA AC; reverse, AAG ATG GTG ACT GTC ATG G); Toll-like receptor-4 (TLR-4) (forward, TCC ACA AGA GCC GGA AAG TT; reverse, TGA AGA TGA TGC CAG AGC GG); IL-1␤ (forward, CCT ATG TCT TGC CCG TGG AG; reverse, CAC ACA CTA GCA GGT CGT CA); and sterol regulatory element-binding transcription factor (SREBF1) (forward, TTT CGT TAA CGT GGG TCT CC; reverse, CAG CAT TAG GGG GCA TCA AAT). Dissociation melt curves were analyzed to verify primer specificity. Liver and small intestinal mRNA expression of PPIB and GUSB were used to calculate the expression levels of genes of interest using the 2 Ϫ⌬⌬CT method, respectively. All data are normalized to expression levels of LCR/ CON treatment.
Western blot and serum analyses. Western blot and densitometry analyses (Image Lab Beta 3; Bio-Rad Laboratories) were performed in whole liver homogenates for cytochrome-c oxygenase 4 subunit 1 (COX4 subunit 1; AbCam, Cambridge, MA), CD36/fatty acid translocase (CD36; Santa Cruz Biotechnology, Dallas, TX) peroxisome proliferator-activated receptor-␣ (PPAR␣; Santa Cruz Biotechnology), acetyl-coenzyme A carboxylase (ACC; Cell Signaling, Beverly, MA), ACC Ser79 phosphorylation-specific (P-ACC; Cell Signaling), fatty acid synthase (FAS; Cell Signaling), and peroxisome proliferator-activated receptor-gamma coactivator-1␣ (PGC-1␣; Calbiochem, San Diego, CA). Amido black stain (0.1%; Sigma) was used to quantify total protein to account for any variation in protein loading and transfer.
Serum glucose (Sigma), acetate (Sigma), triglyceride (TG) (Sigma), nonesterified free fatty acids (NEFA; Wako Chemicals, Richmond, VA), and insulin (Linco Research, St. Charles, MO) were measured with commercially available kits according to manufacturer's instructions. Triglyceride analysis. Liver TG content was determined as previously described (45, 47) . Briefly, powdered liver (ϳ30 mg) was added to 1 ml of lipid extraction solution composed of 1:2 vol/vol methanolchloroform, homogenized for 30 s, and exposed to gentle agitation overnight at 4°C. One milliliter of 4 mM MgCl was added, vortexed, and centrifuged for 1 h at 1,000 g at 4°C. The organic phase was removed, evaporated, and reconstituted in butanol-Triton X-114 mix (3:2 vol/vol) and vortexed. Lipid content was measured from a commercially available kit (F6428; Sigma), and TG concentration was expressed as nanomole per gram of liver.
Statistical analysis. All data were analyzed as a two-way ANOVA using the MIXED procedure of SAS (SAS Institute, Cary, NC). Significant interactions were followed up with a Tukey's post hoc adjustment. Post hoc Pearson's correlations were analyzed using GraphPad Prism 6 software (La Jolla, CA). Significant differences between diet and strain were set at P Յ 0.05.
RESULTS
Animal and serum characteristics. Over the 3 days of acute HFD feeding period, both LCR and HCR rats exhibited increased energy intake (P Ͻ 0.05) (Fig. 1A) . Despite having no differences in 3 days of energy intake compared with HCR rats, the LCR rats exhibited a robust increase (P Ͻ 0.05) in 3 days of body weight gain (Fig. 1B ) and feeding efficiency ( Fig.  1C ) in response to an acute HFD, whereas HCR rats were protected against 3 days of HFD-induced weight gain. LCR rats had greater (P Ͻ 0.05) final body weights compared with HCR rats, but the acute HFD feeding elicited no significant difference in final body weights of LCR or HCR rats compared with their control diet comparisons (Fig. 1D) . Retroperitoneal, epididymal, and mesentric fat pad masses were significantly greater in LCR than HCR rats (P Ͻ 0.05, Table 1 ). Serum glucose, insulin, and NEFA concentrations did not differ among strains or diets (Table 1) . However, serum acetate concentrations were higher (P Ͻ 0.05) in LCR compared with HCR rats (Table 1) .
Hepatic TGs and markers of inflammation. In response to HFD feeding, LCR rats had increased (P Ͻ 0.05) hepatic TGs, whereas HCR rats were protected against 3 days of HFDinduced hepatic steatosis ( Fig. 2A) . However, both HCR and LCR rats showed no significant changes in hepatic TLR-4 and IL-1␤ mRNA expression in response to acute HFD feeding (Fig. 2, B and C) . In addition, we assessed SCFA receptor FFAR2 and found that hepatic mRNA expression did not differ among groups or dietary interventions (Fig. 2D) .
Pathways influencing hepatic TG accumulation. To examine potential pathways known to influence hepatic TG accumulation, we examined hepatic markers of de novo lipogenesis (Fig.  3, A-E) , fatty acid transport (Fig. 3F) , and hepatic mitochondrial content and biogenesis (Fig. 3, G-I) . Assessment of markers of hepatic de novo lipogenesis, SREBF1 mRNA expression, and protein content for ACC, phospho-ACC, and FAS did not differ between LCR and HCR rats; however, as expected, 3 days of HFD feeding resulted in significantly suppressed SREBF1 mRNA expression and ACC, phospho-ACC, and FAS protein content in both groups (Fig. 3, A-E) . No differences were observed in the fatty acid transport protein CD36 (Fig. 3F) . However, although the mitochondrial markers PPAR␣ and COX4-subunit 1 did not differ among groups or dietary treatments, PGC-1␣ protein content was dramatically reduced in both LCR and HCR rats following 3 days of HFD feeding (Fig. 3, G-I ).
Microbiota analysis. Microbial diversity and species richness were similar among all treatment groups as indicated by Chao1 and rarefaction curves (data not shown). Figure 4 displays the unweighted Unifrac distances as a principal coordinates analysis (PCoA) plot. LCR rats were more similar to each other than to HCR rats (P Ͻ 0.05 as measured by two-sample Monte Carlo t-test), whereas HFD feeding elicited no significant changes within each group. Weighted Unifrac distances revealed no significant clustering between strains or in response to HFD feeding (data not shown).
Taxonomic classification of raw sequences by Ribosomal Database Project classifier were assigned to 8 phyla, 28 families, and 38 genera. Approximately 99% of all sequences were assigned to the phyla of Bacteroidetes, Firmicutes, and Proteobacteria, whereas the remaining sequences were assigned to Cyanobacteria, Deferribecteres, Elusimicrobia, Spirochaetes, and Tenericutes. The most abundant phyla were Bacteroidetes (54.4% of total sequences), Firmicutes (23.3% of total sequences), and Proteobacteria (20.6% of total sequences) in the LCR/CON (Fig. 5A ), LCR/HFD (Fig. 5B) , HCR/CON (Fig.  5C ), and HCR/HFD (Fig. 5D) . At the phylum level, HCR rats exhibited greater (P Յ 0.05) cecal relative abundances of Cyanobacteria and Proteobacteria compared with LCR rats (Table 2) . HFD feeding elicited a decrease (P Յ 0.05) in the relative abundance of Firmicutes compared with rats on the low-fat control diet. Bacteroidetes and the Bacteroidetes:Firmicutes ratio relative abundances revealed no significant differences among all groups.
Several changes at the family and genus taxonomic levels were noticed. Cecal relative abundance of unassigned families within the Bacteroidetes phylum was greater (P Ͻ 0.05) in HCR rats compared with LCR rats. In both HCR and LCR rats, the cecal relative abundance of Porphyromonadaceae, and specifically Parabacteroides, increased in response to acute HFD feeding. In HCR rats, the relative abundance of the family S-247 increased (P Ͻ 0.05) in response to acute HFD, whereas LCR rats exhibited a decrease (P Ͻ 0.05). Within Firmicutes, cecal relative abundances of unassigned Clostridia and Ruminococcus were decreased (P Ͻ 0.05) in response to acute HFD in both HCR and LCR rats, whereas cecal relative abundance of Blautia increased (P Ͻ 0.05). Cecal relative abundances of Mogibacteriaceae, Christensenellaceae, and Dorea were greater (P Ͻ 0.05) in LCR rats compared with HCR rats. Conversely, cecal relative abundance of Coprococcus was greater (P Ͻ 0.05) in HCR rats compared with LCR rats. In HCR rats, acute HFD feeding elicited an increase (P Ͻ 0.05) in relative abundance of Phascolarctobacterium, whereas LCR rats exhibited a decrease (P Ͻ 0.05). Members of the Proteobacteria phylum, including Alicaligenaceae, and specifically Sutterella, were greater (P Ͻ 0.05) in relative abundance in LCR rats compared with HCR rats. Cecal relative abundance of unassigned Desulfovibrionaceae were greater (P Ͻ 0.05) in HCR rats compared with LCR rats.
Intestinal gene expression. Small intestinal gene expression revealed that HCR rats have greater (P Ͻ 0.05) expression of ZO-1 and ZO-2 compared with LCR rats (Fig. 6, A and B) . No significant differences were noted in intestinal mRNA expression of TLR-4 and IL-1␤ (Fig. 6, C and D) . Expression of FFAR2 (Fig. 6E ) was greater (P Ͻ 0.05) in LCR compared with HCR rats and in those fed the HFD compared with those fed the low-fat control diet.
Pearson's correlations. No significant correlation was exhibited between energy intake and the Bacteroidetes:Firmicutes relative abundance ratio (Fig. 7A, r ratio in all rats (Fig. 7B , r ϭ 0.39, P Ͻ 0.05). Significant negative correlations were exhibited between energy intake and Ruminococcaceae (Fig. 7C , r ϭ Ϫ0.58, P Ͻ 0.01), 3-day body weight change and Ruminococcaceae (Fig. 7D , r ϭ Ϫ0.40, P Ͻ 0.05), energy intake and Ruminococcus (Fig. 7E , r ϭ Ϫ0.59, P Ͻ 0.01), and 3-day body weight change and Ruminococcus (Fig. 7F , r ϭ Ϫ0.44, P Ͻ 0.05). A significant positive correlation was exhibited between liver TGs and the Bacteroidetes:Firmicutes relative abundance ratio (Fig. 7G , r ϭ 0.44, P Ͻ 0.05). In the LCR/HFD treatment group, a positive correlation was exhibited between energy intake and the Bacteroidetes:Firmicutes relative abundance ratio (Fig. 8A , r ϭ 0.84, P Ͻ 0.01) and the 3-day body weight change and the Bacteroidetes:Firmicutes relative abundance ratio (Fig. 7B , r ϭ 0.92, P Ͻ 0.01). A negative correlation was exhibited between energy intake and the relative abundance of Ruminococcaceae Relative abundances of bacterial *phyla, †families, and ‡genera (n ϭ 6 -8 per group). Values are means Ϯ SE. Bolded P value denotes a significant main effect (P Ͻ 0.05). (Fig. 8C , r ϭ Ϫ0.75, P Ͻ 0.05), 3-day body weight change and the relative abundance of Ruminococcaceae (Fig. 8D , r ϭ Ϫ0.75, P Ͻ 0.05), and energy intake and the relative abundance of Ruminococcus (Fig. 8E , r ϭ Ϫ0.73, P Ͻ 0.05). No significant correlation was observed between 3-day body weight change and the relative abundance of Ruminococcus (Fig. 8E , r ϭ Ϫ0.20, P ϭ 0.64). In the HCR/HFD treatment group, no significant correlations were observed with these same outcomes (Fig. 8, A-E) . Other correlational analyses between microbiota and hepatic markers of inflammation (IL-1␤ and TLR-4) and de novo lipogenesis (SREBF1, ACC, P-ACC, ACC:P-ACC, FAS) were evaluated but no significant relationships were observed (data not shown).
Predicted metagenomic function of microbiota. Analysis of the predicted metagenome was carried out post hoc to support changes observed in microbiota relative abundances (Fig. 9, A  and B) . Microbiota of the LCR/CON treatment had greater (P Ͻ 0.05) suggested metabolic capacity for energy metabolism and functions involving carbohydrate metabolism (i.e., methane, starch and sucrose, fructose and mannose, and glycolysis and gluconeogenesis) compared with HCR/CON rats (Fig. 9A) . When provided with an acute HFD, the metagenomic potential of the microbiota in LCR rats showed significant (P Ͻ 0.05) decreases in carbohydrate and starch and sucrose metabolism (Fig. 9B) , effects that were not found in the HCR animals (data not shown).
DISCUSSION
The prevalence of NAFLD is increasing and is strongly attributed to decreases in aerobic fitness; however, the mechanisms by which fitness affects energy metabolism and susceptibility to developing fatty liver is not well understood. Previous results from our laboratory indicate that low-aerobically fit rats (LCRs) fed an acute HFD had elevated energy intake, reduced energy expenditure, and susceptibility to hepatic steatosis development compared with high-aerobically fit rats (HCRs) (38) . Very little is known about the interactions between aerobic fitness and microbiota populations in contributing to the development of NAFLD. Therefore, the objective of this study was to determine whether the previous physiologic outcomes may be explained in part by changes in micro- biota communities. Our results indicate that acute HFD feeding affects cecal microbiota communities in LCR rats, in particular by decreasing SCFA-producing families and genera that are associated with increased energy intake, decreased predicted energy and carbohydrate metabolism by the microbiota, and increased body weight gain and hepatic TG accumulation.
Both HCR and LCR rats had increased energy intake during acute HFD feeding; however, only the LCR rats exhibited a robust increase in body weight, feeding efficiency (weight gain/energy intake), and hepatic lipid content compared with HCR rats during HFD feeding. Previous evidence indicates that increased HFD feeding affects hepatic and whole body fatty acid oxidation and leads to an increased propensity to store calories as adipose tissue, and ultimately, altered hepatic afferent signals to increase food intake (18, 19, 24a, 38) . Our previous study confirmed that this concept is shown in the HCR/LCR phenotype, where LCR rats had greater energy intake, 3-day weight gain, adiposity, and energy balance compared with HCR rats (38) when fed an acute HFD. In LCR rats, this was interpreted as increased fatty acid trafficking to adipose tissue and reduced hepatic and whole body fatty acid oxidation causing acute increases in energy intake and positive energy balance, which exacerbates hepatic steatosis. Although we did not observe differences in energy intake between LCR and HCR rats, the robust increase in feeding efficiency and body weight gain during HFD feeding exhibited in LCR rats supports this interpretation.
In the present study we found no differences in measures of hepatic de novo lipogenesis or mitochondrial biogenesis/content in LCR vs. HCR rats on a semipurified, low-fat control diet. This is in contrast to our previous work in feeding LCR and HCR rats standard rodent chow (49) . Perhaps the differences relate to different outcome measures being assessed or may be due to different dietary feeding conditions. Regardless, collectively, our findings highlight the potential role of changes in the gut microbiota in hepatic TG accumulation witnessed in LCR rats.
It has been hypothesized that exercise increases the diversity of gut microbiota, which modulates metabolic products that affect mucosal immunity and defense to pathogens (3). Several studies using both humans and rodent models have shown that exercise influences both cecal and fecal species richness and modulates bacterial phyla genera that are strongly associated with gastrointestinal immune function and leanness (1, 11, 36) ; however, the mechanisms are not fully understood. Our unweighted PCoA plot indicates that differing levels of intrinsic aerobic fitness results in changes in cecal beta-diversity, which is consistent with previous studies in ovarectomized and exer- cised HCR and LCR rats (13, 31) . Specific OTU abundances of Proteobacteria, and in particular the sulfur reducing family Desulfovibrionaceae and unassigned genera within that family, were increased in HCR rats compared with LCR rats. Increases in these families within Proteobacteria were also noticed in ovarectomized HCR rats, whereas LCR rats showed decreases (31) .
Increases in Proteobacteria are positively correlated with progression of NAFLD and nonalcoholic steatohepatitis (NASH) (14a, 56) . However, these changes are most often linked to increases in Escherichia coli, which are involved in alcohol production, which increases gut permeability, inflammation, and the progression from NAFLD to NASH (26, 56) . Our small intestinal gene expression outcomes revealed that HCR rats likely had less gut permeability and inflammation compared with LCR rats, which is consistent with LCR rats having a higher propensity to develop a fatty liver phenotype. This is not consistent with HCR rats having increased Proteobacteria, which is often associated with increased gut inflammation (9, 33) . Here, LCR rats had an increased relative abundance of the family Alicaligenaceae and genus Sutterella, which may be related to the progression of NAFLD. Patients with cirrhosis and hepatic encephalitis have low fecal concentrations of Alicaligenaceae, which has been positively associated with cognitive decline in these patients (2, 40) . Alicaligenaceae are known to degrade urea to ammonia, which could cause cognitive impairment; however, the involvement of this family in NAFLD is not fully understood (2, 20, 40) . Overall, we posit that increases in Proteobacteria in HCR rats are caused by an increase in endogenous nitrogen and sulfurcontaining substrates (i.e., mucins and sloughed epithelial cells) reaching the cecum. These findings warrant future investigation.
Both HCR and LCR rats had decreased Firmicutes and no change in Bacteroidetes in response to acute HFD. Carmody et al. (8) found that an average of 3.5 days of high-fat/highsucrose feeding modulates microbiota communities. Typically, chronic HFD-induced obesity in both humans and rodents is marked by an increase in Firmicutes and a decrease in Bacteroidetes (21, 30) . However, two studies of diet-induced obesity in humans and mice revealed decreases in Firmicutes, which is consistent with our results (27, 48) . More recently it was observed that mice fed a lard-based diet had an enrichment in Bacteroidetes compared with a fish oil-based diet (6) . When taking in all treatment groups, there was no correlation between the Bacteroidetes:Firmicutes ratio and energy intake, and a positive correlation between the Bacteroidetes:Firmicutes ratio and 3-day body weight change and liver TGs. We observed a strong, positive correlation between the Bacteroidetes:Firmicutes ratio, and both energy intake and 3-day change in body weight, only when LCR rats were fed an HFD. The relationship between the Bacteriodetes:Firmicutes ratio and liver TGs is intriguing and may be related to increased energy harvest; however, this response was not specific to HFD feeding.
Microbiota of LCR rats exhibit a predicted metabolic capacity consistent with what is reported in genetically obese mice, including a greater potential for energy and carbohydrate metabolism compared with HCR rats on the control diet (50) . Furthermore, this supports the relative abundance data showing that LCR rats have greater Veillonellaceae and Phascolarctobacterium, which are both carbohydrate/fiber fermenters and produce predominantly acetate and propionate (17, 52) . In response to acute HFD, LCR rats exhibited greater reductions in SCFA producers as well as their metagenomic potential for energy and carbohydrate metabolism. Interestingly, we found that the SCFA acetate was significantly higher in the circulation in LCR rats compared with HCR rats. Together, these data suggest that LCR rats have a unique potential to harvest more energy from diet more readily than highly fit HCR rats while on a low-fat diet, which is observed in obesity (50) and may be a contributing factor to hepatic steatosis development.
The role of SCFAs in contributing to NAFLD and other metabolic diseases is not fully understood. SCFAs are thought to contribute to energy harvest and de novo lipogenesis (55) , and fermentation in the proximal large bowel is a sign of small intestinal bacterial overgrowth, which leads to increased gut permeability and bacterial endotoxin reaching the liver (26) . In addition, it recently has been shown that a 12-wk HFD resulted in increased FFAR2 (SCFA receptor) expression in liver and skeletal muscle (12) . Here, we report that acute HFD feeding elicited no appreciable differences in hepatic mRNA expression of IL-1␤, TLR-4, or FFAR2 in HCR or LCR rats, suggesting that 3 days of HFD did not induce a hepatic inflammatory response. However, we did observe elevated intestinal FFAR2 mRNA expression in LCR rats, which is suggestive of elevated SCFA signaling in those animals.
Interestingly, we found that energy intake and 3-day body weight change was negatively correlated with relative abundance of SCFA-producing Ruminococcaceae and Ruminococcus (4). Acute HFD feeding in LCR rats resulted in robustly increased feeding efficiency, and strong negative correlations between Ruminococcaceae and Ruminococcus and energy intake and 3-day body weight change. Furthermore, our metagenomic prediction analyses support the notion that LCR rats have microbiota with greater carbohydrate and energy metabolism, which is suggestive of increased SCFA production while on the low-fat control diet. This metabolic potential is decreased when the LCR rats were switched to an acute HFD. These correlations, along with no appreciable differences in microbial metabolic potential toward carbohydrate metabolism, were not observed in HCR rats in response to acute HFD feeding. Collectively, these results suggest that LCR rats have a unique potential to harvest more energy from a low-fat diet and to respond differently to an acute HFD through decreases in SCFA-producing capacity. Previous studies have shown that SCFA binding to FFAR2 can elicit decreased food intake by stimulating appetite and the insulin-regulating hormones peptide YY and glucagon-like peptide 1 (14) . However, our data show only a negative correlation between SCFA-producing bacteria and energy intake in LCR rats fed HFD, and energy intake was not different between LCR and HCR rats. These concepts need more thorough follow-up studies designed to investigate the role of the gut microbiota by utilizing germfree facilities and microbiota transplant studies, as well as by studying the metabolic products (i.e., SCFA) of the microbiota and their involvement in NAFLD development and pathogenesis.
In summary, our results demonstrate that even on a low-fat control diet, HCR and LCR rats display different cecal microbiota profiles. Low-aerobically fit LCR rats have a greater propensity to gain weight and develop steatosis in response to an acute HFD compared with high-aerobically fit HCR rats. We posit that the physiologic changes observed in the LCR rats fed an acute HFD appear to be associated with decreases in SCFA-producing microbiota, and are supported by the microbiota of LCR rats having a greater metabolic capacity for energy and carbohydrate metabolism, which is decreased in response to acute HFD feeding. Furthermore, LCR rats had lower ileal tight junction protein expression, which is suggestive of greater gut permeability, and which is strongly associated with fatty liver disease development. In conclusion, divergent levels of intrinsic aerobic fitness affect the susceptibility to acute, HFD-induced fatty liver, which appear to be linked to alterations in SCFA-producing/energy harvesting potential in the gut.
